The effects of the pre-aging period on the formation behavior of nanoclusters during two-step aging in an Al-3.0Mg-1.0Cu (mass%) alloy has been investigated by the hardness, differential scanning calorimetry (DSC) and electrical resistivity measurement. Two-step aging which consists of pre-aging and final aging results in an increase of the peak hardness. When the pre-aging is conducted at 323 K for 1.2 ks, the hardness dramatically increases after the final aging treatment. This pre-aging period corresponds to the incubation stage which is one of the hardening stages in an Al-Mg-Cu alloy. During the pre-aging, no clear hardness and electrical resistivity increase are obtained, however a certain structural change is considered to occur. In this study, co-clusters are assumed to be formed during pre-aging. On the contrary, when the preaging period is 345.6 ks, the hardness and electrical resistivity decrease in the beginning of final aging. It is attributed to the reversion of nanoclusters. In this case, the pre-aging period corresponds to the first stage of hardening. The first stage of hardening, which occurs rapidly (e.g. within 60 s at 443 K) and contributes 60% of the total hardening, is attributed to solute clustering rather than to the formation of GPB zones.
Introduction
Al-Mg alloys have been utilized for applications in the automobile and aerospace industries due to their wellbalanced properties of mechanical strength, ductility and press-formability. Commercial 5xxx series Al-Mg alloys are non-heat treatable because little or no precipitation hardening response is observed.
1) The softening of Al-Mg alloys can be overcome by the addition of copper because Al-Mg-Cu alloys give rise to the precipitation strengthening phenomena.
2) Aside from the more numerous studies of Al-Cu-Mg alloys, some attention has also been paid to the Al-Mg-Cu alloys.
36) The strengthening of Al-Mg-Cu alloys is based on a precipitation hardening through the sequence as follows:
¡ðSSSSÞ ! Cu=Mg nanoclusters ! GPB zones ðS 00 Þ ! S 0 ! SðAl 2 CuMgÞ ð 1Þ
where SSSS is the supersaturated solid solution. Cu/Mg nanoclusters are considered as precursors of the GuinierPreston-Bagaryatsky (GPB) zones. 7) The characteristic aging behavior of an Al-Mg-Cu alloy is that hardening occurs in two distinct stages separated by a plateau, where the hardness may remain constant for a long time. The first stage, which occurs very rapidly (e.g. within 60 s at 443 K) and may contribute as much as 60% of the total hardening, is now attributed to solute clustering rather than to the formation of GPB zones. This rapid hardening phenomenon (RHP) has been termed as "cluster hardening", 4) although some researchers propose the dislocation-solute atom interaction as the origin of RHP 5, 6) and there is still no unified interpretation. GPB zones or the SA phase are considered to be the source of the second stage of hardening. According to the several studies on Al-Mg-Cu alloys containing normal level of Mn, Fe and Si, the T phase has not been observed. 3, 8) The T phase (Mg 32 (Al, Cu) 49 ) is regarded as isomorphous with the T phase which forms in Al-Zn-Mg alloys 9, 10) although it is not well studied. Furthermore, by the trace addition of Ag, new type of precipitates are formed in an AlMg-Cu alloy.
1214) The micro beam electron diffraction (MBED) study by Chopra et al. 11) indicates that the fine precipitates in the Al-1.5Cu-4.0Mg-0.5Ag (mass%) alloy, which lies in the (¡+S+T) phase field, are not isomorphous with the T phase. They proposed that the microstructure of this alloy is dominated by the Z phase (face-centered cubic structure, a = 1.999 nm). Hirosawa et al. reported that the Z phase is also formed in the Al-3.0Mg-1.0Cu (mass%) ternary alloy. 8) In the Al-Mg-Cu alloy, the incubation stage has been observed before the first stage of hardening in the hardness and electrical resistivity measurements at low temperature aging. 12) During the incubation stage, there are almost no increase in the hardness and resistivity before the first stage of hardening. The characteristic age-hardening behavior of the Al-Mg-Cu alloy is schematically illustrated in Fig. 1 According to the previous study, 12) nanoclusters are formed at the first stage of hardening so that the incubation stage is the incubation period for the formation of nanoclusters. In this study, the two-step aging treatment is performed in order to investigate the formation behavior of nanoclusters. It is clarified that pre-aging at low temperature is effective to increase hardness and that pre-aging period affects the agehardening behavior after final aging.
Experimental Procedure
The chemical composition of the alloy utilized in this work is shown in Table 1 . The alloy is located at the (¡+S+T) phase field in Al-Cu-Mg phase diagram.
13) The specimens were solution treated in a salt bath at 793 K for 0.6 ks, followed by iced-water quenching and kept for 60 s. These specimens are called as the as-quenched (A.Q.) alloys in this work. An aging treatment was carried out in an oil bath at 323443 K for various times. The two step aging treatment which consists of the pre-aging and final aging was conducted. The final aging was performed at 443 K for various times after pre-aging at 323 K for 1.2 ks or 345.6 ks.
Micro-Vickers hardness was measured with a load of 500 g for 15 s using Mitsutoyo HM-102. Electrical resistivity measurements were performed by a four-probe method with the specimens prepared as wires with the diameter of 1.0 mm and the gage length of 300 mm. Differential scanning calorimetry (DSC) was carried out using a Rigaku equipment of DSC8230 with 40 mg of pure Al (99.99%) as a reference under an argon atmosphere with a heating rate of 0.167 K/s. The range of temperature for the DSC measurement was set from 223 to 773 K using a liquid nitrogen controller. The schematic illustration of the two-step aging procedure is shown in Fig. 2. 
Results

Hardness changes
As shown with arrows in Fig. 3 , the pre-aging times corresponds to those before and shortly after the first hardening stage. Hardness changes during 443 K aging (single aging) and two-step aging are shown in Fig. 4 . When the alloy is subjected to the single aging, a marked increase in hardness occurs in the initial stage, and then, the hardness remains almost constant for a long time, and finally the hardness reaches the peak. Each hardening stage is called the first stage of hardening, the plateau stage of hardening, and the second stage of hardening. In the two-step aging cases, the plateau stage is shortened and the hardness increases significantly towards the peak of hardness. It is noteworthy that the condition of the pre-aging time of 1.2 ks achieves the highest peak hardness among the investigated conditions. Figure 5 shows the electrical resistivity increment, ¦µ, during aging at 323 K and 443 K. Since the contribution by the increase in the number density of nanoclusters and GP zones is large in the early stage of aging, i.e. the incubation and the first stage of hardening, electrical resistivity dramatically increases. Then the number density of GP zones markedly decreases resulting in the decrease in the resistivity even the average size of the GP zones becomes large. Finally, the electrical resistivity change generally shows a maximum by the balance of those factors.
Electrical resistivity changes
In 323 K aging, the resistivity increases greatly after the incubation stage. In contrast, in 443 K aging, the electrical resistivity increases rapidly from the beginning to reach the maximum, and then decreases gradually at the plateau stage, and subsequently decreases greatly. Each stage is called the first stage, the plateau stage and the second stage. The change of the electrical resistivity is in good agreement with that of the hardness. Incidentally, compared to the 443 K aging, the increment of the resistivity is much larger in 323 K aging. It suggests that since the growth rate of nanoclusters is low at low temperature, nanoclusters gradually grow during aging to form fine nanoclusters at 443 K aging. The fine nanoclusters cause the great increase in the resistivity.
In the two-step aging, nanoclusters are not clearly formed in the as-pre-aged condition (A.P.) in the case of a pre-aging period is 1.2 ks (Fig. 6 ) since the resistivity does not clearly increase. However, after final aging, the resistivity increases largely and the maximum value becomes larger than that of single aging at 443 K. It is suggested that a certain structural change occurs during pre-aging although almost no change is observed in the hardness and resistivity. This structural change during pre-aging results in the formation of a large number of fine nanoclusters after final aging. Those fine nanoclusters are considered to affect the microstructure and contribute the great increase in the hardness. After the maximum value, the electrical resistivity increment decreases gradually, and subsequently decreases corresponding to the increase toward the peak hardness. The initial point of fall in the resistivity is almost the same as that of the single aged specimen.
On the other hand, the electrical resistivity increases greatly after pre-aging at 323 K for 345.6 ks. It is attributed to the formation of nanoclusters. Then, during final aging, the resistivity decreases at the aging time between 0.06 and 1.2 ks, corresponding to the change in the hardness (Fig. 5) . It is attributed to the dissolution of nanoclusters into the matrix. It is assumed that the nanoclusters formed during preaging at 323 K become unstable and some of them dissolve at 443 K.
DSC curves
DSC is a useful technique to detect very small nanoclusters and analyze the precipitation sequences. DSC results are shown in Fig. 7 . The pre-aging time is (a) 1.2 ks and (b) 345.6 ks. In both cases, there is a large exothermic peak A at around 370420 K in the A.Q. specimens. At around 540 650 K and 600650 K, there are peaks C and D. The peak A is attributed to the formation of nanoclusters of solute atoms. According to the previous report, 3) the peak D is attributed to the precipitation of the SA phase which is the strengthening phase in the Al-Mg-Cu alloy. The peak C is attributed to the precipitation of the Z phase. 8) After pre-aging for 345.6 ks, peak A disappeared although peak A remained in the case of the pre-aging time of 1.2 ks. It is suggested that nanoclusters are formed after pre-aging for 345.6 ks and the formation of nanoclusters causes the increase in hardness.
What should be noted here is that there are two endothermic peaks, B1 and B2, at around 520540 K after short term aging. Those two peaks are observed after the appearance of peak A. Peak A suggests the formation of nanoclusters during heating by DSC. According to the results of the hardness and electrical resistivity measurements, a certain structural change occurs during pre-aging. In this study, a certain structural change is assumed to be a cocluster. Details of the co-clusters are still unknown, however, it could be assumed that some small rearrangements of solute atoms occur in the beginning of pre-aging. It is considered that co-clusters dissolve into the matrix corresponding to peak B1, and nanoclusters dissolve corresponding to peak B2 during heating. Based on the DSC results, it is suggested that not all of co-clusters are transformed into nanoclusters during heating so that some of them coexist with nanoclusters. Those remained co-clusters dissolve into the matrix at peak B1. However there is no peak suggesting the formation of co-clusters during heating by DSC. It is still unclear whether co-clusters change into nanoclusters continuously or not. On the other hand, in the case of the preaging time of 345.6 ks, peak B2 is observed larger than that in the case of the pre-aging time of 1.2 ks. The large endothermic peak suggests that the great amounts of nanoclusters are formed during heating by the DSC measurement. It is considered that the nanoclusters which are formed during pre-aging at 323 K and continuously grow during aging at 443 K become unstable during heating by the DSC measurement at 500520 K, and then they dissolve into the matrix. It is indicated that the reversion occurs as is observed in the hardness and electrical resistivity changes. Table 2 shows the summary of each peak obtained from the DSC curves. Fig. 5 , the pre-aging time greatly affects the change in the hardness. Although almost no changes in hardness and electrical resistivity were observed during preaging at 323 K for 1.2 ks, the peak hardness increased dramatically after two-step aging. It is assumed that coclusters which are precursors to the nanocluster are formed during pre-aging for 1.2 ks and that the co-clusters promote the formation of the nanoclusters. Those co-clusters are formed at low temperature, i.e. 323 K, considered to be finely distributed. Therefore, fine nanoclusters are formed after twostep aging (Fig. 8) . On the other hand, when the pre-aging time is long, i.e. 345.6 ks, nanoclusters are already formed after pre-aging. According to the results of the hardness and electrical resistivity measurements, after two-step aging some of the nanoclusters dissolve and the average size of the remained nanoclusters is considered to be larger than that of the nanoclusters formed after pre-aging for 1.2 ks (Fig. 8) . It can be deduced that the short time pre-aging promotes the formation of fine and large number of nanoclusters during final aging. Therefore, the short time pre-aging is effective to increase the hardness and it is considered that fine precipitates of GPB zones, SA or Z phase are obtained. Table 3 summarizes the formation behavior during two-step aging of co-clusters and nanoclusters. Also the relationship between hardening stages and formation of the co-clusters, nanoclusters and precipitates is shown in Table 4 .
Discussion
The formation behavior of co-clusters and nanoclusters As shown in
Recently, Fallah et al. 15) applied the phase-field crystal methodology to simulate the atomistic mechanisms governing the early stage clustering phenomenon in Al-Cu-Mg alloys. 15) Their previous analysis of the dislocation-mediated nucleation and growth mechanism of clusters in the Al-Cu system was extended to the ternary Al-Cu-Mg system. Their new systematic study of the clustering mechanisms precludes traditional one, such as Monte Carlo simulations, which cannot operate the diffusion time scale directly controlling clustering and related solid-state transformations. They revealed that it is thermodynamically favorable for the small (subcritical) early clusters to contain more Mg than the larger Cu-rich clusters. It is suggested that there is two-stage clustering in the Al-Cu-Mg system. They also conclude that the addition of Mg ensures a higher rate of nucleation and leads to a finer distribution of clusters. Their results indicate that in the Al-Mg-Cu alloy, there is also two-stage clustering consisting of the co-cluster and nanocluster formation.
The phenomenon shown by Fallah et al. 15) was also observed experimentally. 16, 17) By a combination of atom probe tomography (APT), transmission electron microscopy (TEM) and positron annihilation spectroscopy (PAS), Marceau et al. 16) confirmed that small clusters are formed during the early stage of age-hardening and are responsible for the rapid hardening effect. They also concluded that the Effects of the Pre-Aging Period on the Formation Behavior of Nanoclusters in an Al-Mg-Cu Alloyhigh Mg:Cu ratio gives the most potent strengthening response. The Cu-Cu and Mg-Mg clusters are considered not to contribute the RH effect. Cu-Mg clusters with a high Mg:Cu ratio are mostly effective to increase hardness. Marceau et al. 17) also investigated the solute clustering in the Al-Cu-Mg alloys during secondary aging. The secondary precipitation has been recognized in all age-hardenable aluminum alloys. The secondary precipitation occurs in the process that consists of under-aging at elevated temperature, quenching and secondary aging at lower temperature. This aging cycle is called secondary aging. 17) The increase in the hardness is considered to be the result of an increase in the number density of secondary Cu-Mg clusters with the increased Mg:Cu ratio from the vacancy assisted diffusion of Mg atoms. Secondary clusters are formed from Mg atoms previously distributed in the solid solution during the secondary aging. Their size is small and the larger clusters are called as the primary clusters. It is suggested that in the Al-Mg-Cu alloy, two types of clusters such as primary clusters and secondary clusters exist during the two-step aging. Their size and composition (Mg:Cu ratio) should be related to the rapid age-hardening response. This phenomenon is not clear at the moment. It will be investigated further and will be reported.
The two-step aging behavior of other commercial
aluminum alloys It is known that the two-step aging results in the increased or decreased age-hardening compared with the single aging depending on alloys and aging conditions. The increased or decreased age-hardening by the two-step aging is called as the positive or negative effect.
Among commercial aluminum alloys, the Al-Zn-Mg alloy is the high-strength age-hardenable alloy. The precipitation sequence is as follows:
Kawashima and Shibata 18) reported that the pre-aging at 393 K for 21.6 ks is effective to accelerate the age-hardening response and increase the hardness all over the age-hardening curve in the Al-Zn-Mg alloy. When the aging treatment at RT is performed prior to the above two-step aging, the distribution of precipitates becomes finer and higher proof stress is obtained, and over aging is accelerated. Inoue et al. 19) also reported that the pre-aging treatment at RT is effective to increase the hardness. The two-step aging behavior is shown in Fig. 9 (a). 20) With increasing aging time at RT (pre-aging), the peak hardness increases larger than that of the directly aged specimen. Two-step aging causes a positive effect. These phenomena are related with the formation of some clusters during the pre-aging. If the preaging temperature is lower than 398 K, which is the solvus temperature for GP zones, solute clusters and GP zones are preferentially formed. The solute clusters or GP zones play important roles as the nucleation sites for the ©A phase. Contrary to this, in the Al-Mg-Cu alloy, the short pre-aging time is more effective than the long one to increase the hardness. It is totally different from that in the Al-Zn-Mg alloy. However the mechanism of the hardening in the AlMg-Cu alloy has not been clarified yet. It is important to determine the characteristic features of nanoclusters and coclusters. It is also required to investigate the microstructure in the later stage of age-hardening and to clarify the precipitation processes.
On the other hand, Al-Mg-Si alloys are well known to be hardened during a paint baking process at around 170°C for 1.2 ks. The generally accepted precipitation sequence is as follows;
Yamada et al. 21) and Serizawa et al. 22) introduced two types of nanoclusters, Cluster (1) and Cluster (2), by using a three dimensional atom probe (3DAP). Cluster (1) is formed at room temperature and Cluster (2) is formed at around 100°C and grows rapidly. These two nanoclusters have different characteristics such as formation temperature, growth mechanism and interaction with dislocations. On the contrary to the positive effect in an Al-Zn-Mg alloy, the formation of Cluster (1) causes the negative effect of two-step aging in an Al-Mg-Si alloy. 21, 23) During natural aging, Cluster (1) is formed and causes the decrease in the age-hardenability of Al-Mg-Si alloys. On the other hand, the formation of Cluster (2) after the pre-aging at 100°C prior to the formation of Cluster (1) suppresses the negative effect. Figure 9(b) shows the bake-hardening response of the Al-Mg-Si alloy subjected to the three different heat-treatment processes. 23) The heat treatments were applied in the three different processes; (I) directly aged at 453 K, (II) aged at 453 K after natural aging for 86.4 ks and (III) pre-aged at 373 K for 0.6 ks and then aged at 453 K after natural aging for 86.4 ks. Although the hardness is increased after natural aging, the negative effect of two-step aging is clearly observed in process II. It is totally different from the effect of two-step aging in the present Al-Mg-Cu alloy. In other words, the AlMg-Cu alloy has very characteristic and peculiar agehardening response.
Conclusions
The characteristic two-step aging effects on the agehardening behavior of the Al-Mg-Cu alloy were investigated using hardness, DSC and electrical resistivity measurements. The obtained results are summarized as follows.
(1) Two-step aging (pre-aging: 323 K, final aging: 443 K) is effective to increase the peak hardness. It is exhibited that the pre-aging at low temperature effectively promotes the formation of nanoclusters and precipitates after two-step aging. Among age-hardenable aluminum alloys, the Al-Mg-Cu alloy has characteristic two-step aging response, i.e. the shorter pre-aging time is more effective than the longer pre-aging time. (2) The condition of the pre-aging time of 1.2 ks achieves the highest peak hardness among the investigated conditions including 345.6 ks. In this study, co-clusters are defined as precursors to the nanoclusters. It is considered that the co-clusters are formed in the initial stage of pre-aging and they contribute to increase hardness markedly after two-step aging.
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(a) (b) Fig. 9 (a) Age-hardening curves for an Al-5%Zn-2%Mg alloy (mass%) aged at 423 K after direct quenching (DQ), water quenching (WQ), and pre-aged at RT for various aging times. 13) (b) Age-hardening curves for the Al-1.31 mass%Mg 2 Si alloy subjected to the three different heat-treatment processes; (I) directly aged at 453 K, (II) aged at 453 K after natural aging for 86.4 ks and (III) pre-aged at 373 K for 0.6 ks and then aged at 453 K after natural aging for 86.4 ks. 17) 
